Defective expression of the Ku80 gene has been implicated as underlying the V(D)J recombination and DNA double-strand break repair defects in the xrs-6 Chinese hamster ovary cell line. We now show that the mutation in the Ku80 gene Involves a G to A transition 15 bp upstream of exon 2. This mutation creates a new splice acceptor site which results in the generation of a Ku80 transcript that cannot encode a functional product due a 13 nucleotide insertion and a resulting frameshlft.
During B and T cell differentiation, the genes encoding the variable region of the Ig and TCR molecules are assembled from germhne variable (V), diversity (D) and joining (J) gene segments by the V(D)J recombination process (1-3) V(D)J recombination is initiated by the introduction of site-specific double-strand breaks (DSB) between two recombining variable-region gene segments and their flanking recombination recognition sequences (RS). Several of the proteins involved in this recombination process have been identified. The essential lymphocyte-specific components of the reaction are the recombination-activating gene (RAG)-1 and -2 proteins which are expressed only in differentiating B and T lineage cells; these proteins recognize the RS and introduce the sitespecific DSB (4) (5) (6) . Subsequent reaction steps employ more generally expressed activities, including some involved in general DNA DSB repair (DSBR); these include the components of the DNA-dependent protein kinase (DNA-PK) and the XRCC4 gene product (7, 8) .
V(D)J recombination and DSBR were directly linked by studies of radiosensitive Chinese hamster cell lines (7) . Three X-ray cross complementation (XRCC) groups, XRCC4, XRCC5 and XRCC7 (represented by the XR-1, xrs-6 and V3 cell lines), have been shown to have defects in ability to perform both V(D)J recombination and in DSBR. The involvement of these three genes was based on the ability of their expressed products to compliment the V(D)J recombination and DSBR defects in the corresponding mutant cell lines (8) (9) (10) (11) (12) (13) (14) . Based on this assay, the XRCC5 product was predicted to be the protein encoded by the Ku80 gene. Ku80 is an abundant nuclear protein which, in association with the Ku70 gene product, binds to DNA DSB. The Ku70/80 dimer forms the DNA binding component of the DNA-PK complex. The catalytic subunit of DNA-PK is a 450 kDa protein (DNA-PKcs) which is deficient in V3 cells and in cells homozygous for the murine scidmutation (12) (13) (14) . It has been speculated that the binding of the DNA-PK complex to the DNA ends generated by the RAG-1 and RAG-2 products is necessary for their further processing in the context of the V(D)J recombination reaction. The XRCC4 gene product is deficient in the XR-1 cell line due to the deletion of the XRCC4 gene from the XR-1 cell genome (8) . However, the putative genetic mutations which underlie the defective expression of the Ku80 gene in xrs-6 cells and the DNA-PKcs gene in V3 and homozygous scid cells have not been identified. To unequivocally demonstrate that mutations in the Ku80 gene underlie the V(D)J recombination defect of xrs-6 cells and to elucidate the nature of these mutations, we have characterized the Ku80 gene and its transcripts in these cells.
We first looked for gross rearrangement or deletion of the Ku80 gene by hybridization of a human Ku80 cDNA probe (9) to restriction enzyme-digested genomic DNA from xrs-6 cells and wild-type (CHO-K1) cells; no abnormality was § s -28S -18S GAPDH Fig. 1 . Expression of the hamster Ku80 gene Total RNA (20 ng) prepared from the CHO-K1 and xrs-6 cell lines was fractionated by agarose gel electrophoresis, transferred to membranes and assayed for hybridization with 32 P-labeled probes prepared from a 2.2 kb Ba/nHI fragment of the human Ku80 cDNA (9) or the glyceraldehyde-3-phosphate dehydrogenase probe (8) (for normalization of RNA content).
detected by this approach (data not shown). Next, we examined the expression of Ku80 transcripts by assaying total RNA from of xrs-6 and CHO-K1 cells for hybridization to a human Ku80 cDNA. Although the signal was weak, we detected a similar level of hybridizing transcripts, which appeared to be of the same size, in RNA from both cell lines (Fig. 1) . Therefore, if present, the primary defect of the Ku80 gene in xrs-6 cells must be due to a mutation which did not result in major alterations in the expression level or size of the Ku80 transcripts.
To further assay for a potential mutation, we isolated several hamster Ku80 cDNA clones by screening a CHO-K1 cDNA library (15) with a human Ku80 cDNA probe. Nucleotide sequence analyses revealed that the two cDNA clones isolated (CKu80-4 and -5; Fig. 2a ) both lacked the expected 5' ends. The CKu80-4 cDNA clone was recloned into pBlusecript and its complete nucleotide sequence was determined. To clone the 5' end of the hamster Ku80 cDNA sequence, we used the rapid amplification of 5'-cDNA ends (5'-RACE) method (Clontech, Palo Alto, CA). Subsequently, the nucleotide sequence of the cloned 5' end fragments was generated and combined with that of the CKu80-4 sequence to generate a full length Ku80 cDNA sequence (Fig. 2b) . The deduced ammo acid sequence of the hamster Ku80 protein was compared to that of human (16) . Both contained 732 amino acids with 89% similarity and 80% identity.
To generate a full length Ku80 cDNA we used a RT-PCR method (17) . Specifically, first strand cDNAs were generated with oligo(dT) primers (Pharmacia, Uppsala, Sweden) from CHO-K1 and xrs-6 total RNA; these were then amplified with 5' and 3' non-coding primers (FO and R1, Fig. 2 ). The amplified cDNA fragments were cloned into the pT7 Blue Tvector (Novagen, Madison, Wl) and the complete nucleotide sequences of two independent clones from each group (referred to as pCHO-Ku80 or pxrs-Ku80 for CHO-K1 and xrs-6 sequences respectively) was then determined. Comparison of these nucleotide sequences showed a 13 bp sequence in pxrs-Ku80 that was absent in pCHO-Ku80. Partial nucleotide sequences of 10 additional cDNA clones from each group confirmed this result. The 13 bp insertion was located just These assays were performed as described by Taccioli downstream of the translation initiation codon (Fig. 2b) and, therefore, resulted in a frameshift mutation which should eliminate the ability of the mutant allele to encode a functional Ku80 protein.
To determine the origin of the 13 bp insertion in the pxrsKu80 sequence, the corresponding genomic region was amplified and partially sequenced. Amplification with primers F0 and R3, which are upstream and downstream of the insertion and are separated by 45 bp in the CHO-Ku80 cDNA sequence (Fig 2) , resulted in an ~3 kb genomic fragment, confirming the presence of an intron between these two primers (data not shown) The amplified fragments were cloned into pT7Blue vector and the nucleotide sequence of five independent clones from xrs-6 DNA was determined. Analysis of this nucleotide sequence suggested that the 13 extra nucleotides originated from immediately 5' of the splice acceptor site of exon 2. Moreover, two of the sequenced amplified genomic clones had a relevant point mutation ( Fig.  3a and b, legend) , i.e. the guanine (G) nucleotide at the -15 position from exon 2 was changed to an adenine (A) nucleotide. Ten independent genomic DNA clones isolated from CHO-K1 DNA lacked this mutation (data not shown). The G to A mutation generates a new splice acceptor site (AG) which would generate the 13 bp insertion.
The 13 bp insertion into the Ku80 mRNA in xrs-6 cells should block ability of this transcript to encode a functional protein. To confirm this, we assayed the ability of the mutant cDNA sequences to rescue the xrs-6 V(D)J recombination defect by a transient V(D)J recombination assay. The various Ku80 cDNA fragments which were isolated by PCR amplification had several errors (data not shown). Therefore, to make expression constructs for the assay, we isolated BamHI-Psfl fragments (PCR error-free) which spanned the region of the 13 bp insert from pCHO-Ku80 or pxrs6-Ku80 cDNAs and ligated these to error-free Psfl-SamHI fragments (2 kb) from CKu80-4. These fused cDNA sequences were then cloned into pHp"Apr-neo (18) and named pp"CHO-Ku80 or pp"xrsKu80 respectively. We co-transfected xrs-6 or CHO-K1 cells with one or the other of these Ku80 expression constructs plus RAG-1 and RAG-2 expression constructs along with the Fig . 3 . A new splice acceptor site generated in the expressed allele of the xrs-6 Ku80 gene, (a) Genomic fragments were PCR amplified from 1 ng of the genomic DNA from xrs-6 cells employing the F0 and R3 primers and recloned into PT7 Blue T-vector (Novagen). The nucleotide sequence of five independent clones was determined using vector primers T7 and U19 Two representative sequences are shown. The wild-type allele and mutated alleles are indicated as WT or MT respectively, (b) A schematic explanation of the 13 bp insertion and splicing pattern of the Ku80 cDNA from xrs-6 and CHO-K1 is indicated. The genomic sequence surrounding the mutated residue (indicated in bold) in the Ku80 gene is: gtttcttgggtaccttttgggacttgtttctaggc pJH200 or pJH290 recombination substrates (9) . Following recovery of transfected substrates in bacteria, recombination efficiency was estimated as the ratio of ampicillin-resistant and chloramphenicol-resistant colony numbers to the ampicillinresistant colony numbers The xrs-6 cells transfected with a control vector showed a low frequency of RS and coding joins characteristic of these cells; while xrs-6 cells transfected with a wild-type Ku80 construct regained a normal frequency of both coding and RS joins (Table 1) . However, we did not observe substantial restoration of either coding or RS joins in xrs-6 cells transfected with the mutant Ku80 cDNA construct ( Table 1) . As a control, the presence of wild-type or mutant Ku80 cDNA did not affect the frequency of coding or RS join formation in CHO-K1 cells (Table 1 ) This data is in accord with the notion that that mutant Ku80 cDNA lacks normal ability to encode a functional Ku80 protein.
Previously, it has been shown that the defective V(D)J recombination activity and X-ray sensitivity of xrs-6 cells can be restored by the transfection of a human Ku80 cDNA expression construct (9) . However, it was not clear from these studies whether or not the primary defect was in the Ku80 gene. We have now used molecular cloning and nucleotide sequence analyses of hamster Ku80 cDNAs and genomic fragments to reveal a point mutation (G to A) in the first intron of the KuflOgene Thus, our studies have clearly demonstrated a defect in the Ku80gene in xrs-6 cells. The G to A conversion generated new acceptor site 15 bp upstream of the normal splice acceptor, this leads to aberrant splicing and a 13 bp insertion between exon 1 and exon 2 which would cause a shift in the reading frame (Fig. 3b) . Analogous mutations were reported to occur in the (3-globin gene (19) and f3-hexosaminidase gene (20) . The xrs-6 cells were isolated after treatment of the parental line, CHO-K1, with ethyl methanesulfonate (21) . This treatment is known to promote G to A substitutions (22) ; therefore, the nucleotide change that we detected in the Ku80 gene of xrs-6 cells is consistent with their method of derivation. The CHO cell lines have been used for derivation of mutants because of its functional hemizygosity at many alleles (23) . Our genomic nucleotide sequencing data suggest that the other allele of the Ku80 gene in xrs-6 cells is not mutated but rather is not expressed. The mechanism by which this allele is silenced is thought to be hypermethylation. In this regard, it is notable that the xrs-6 line has a high frequency of reversion which is enhanced by 5-azacytidine treatment, suggesting that demethylation may lead to activation of the unmutated, silent allele (24) .
